Monolayer to multilayer ultrathin films of the ionic liquid (IL) 1-methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)amide have been prepared on Au(111) and Cu(100) surfaces using physical vapor deposition. The ion-surface interactions are studied using a combination of scanning tunnel microscopy, as well as ultraviolet and x-ray photoemission spectroscopies. It is found that the IL does not decompose at the surface of the metals, and that the IL interaction with the Cu(100) surface is much stronger than with the Au(111) surface. As a consequence, STM imaging at room temperature results in more stable imaging at the monolayer coverage on Cu(100) than on Au(111), and work function measurements indicate a large interface dipole upon deposition of a monolayer of IL on Cu. Additional IL depositions on the two surfaces result in two distinct behaviors for the IL core levels: a gradual energy shift of the core levels on Au and a set of two well defined monolayer and multilayer core level components found at fixed energies on Cu, due to the formation of a tightly bound monolayer. Finally, it is proposed that the particularly strong cation-Cu interaction leads to stabilization of the anion and prevents its decomposition at the surface of Cu(100). Published by AIP Publishing. [http://dx
I. INTRODUCTION
Research into ionic liquids (ILs) for energy and materials applications continues to expand, since these intrinsic electrolytes offer a number of advantages for battery and supercapacitor technologies. 1 A conventional synthetic route for making ionic liquids involves preparation of the anionic and cationic components separately, followed by an ion exchange step. This permits straightforward customization of both the IL anions and cations for specific tasks. 2 It is common for either the IL anion or cation to be strongly amphiphilic, as a result of local charge density combined with the presence of a hydrophobic tail such as an alkyl chain. Such properties can lead to a high degree of ordering in the bulk structure of the ILs. 3 Additionally, the structural correlations in the bulk ILs are often found to be quite different from those at the IL-metal 4, 5 or IL-vacuum interfaces. 6 Understanding, controlling, and ultimately designing the structural features of ILs at interfaces will be key to enhancing their performance, especially for applications to electrical double-layer capacitors, batteries, and nanoscale tribology. For example, knowledge of ionic behavior at a surface can be crucial for developing optimized electrolyte-electrode combinations in real life energy devices, and necessitates probing IL-metal interfaces at the Ångstrom level that are often obscured by a µm-thick IL layer. Reports on the IL organization within the bulk and at the gas-liquid interface are becoming more common, 3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] however, insights into this hidden interface have been more limited and often necessitate a surface science approach, using atomic force microscopy, 4, 5, 19 x-ray photoemission spectroscopy (XPS), [20] [21] [22] [23] [24] [25] [26] [27] UV-photoemission spectroscopy (UPS), [27] [28] [29] [30] [31] [32] [33] [34] [35] inverse photoemission spectroscopy (IPS), 30 helium atom scattering, 36 or scanning tunneling microscopy (STM). 34, [37] [38] [39] [40] The intrinsically low vapor pressure of most ionic liquids enables their use for controlled deposition of ultrathin films using physical vapor deposition (PVD) in ultrahigh vacuum (UHV). 23, 24, 41 When such films are prepared on atomically flat surfaces, the specific interactions between the constituent anions and cations of the IL and the supporting surface can be probed using a range of surface science techniques. Here, we have chosen to study the interface of 1-octyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide (Im + 8,1 /NTf − 2 , shown in Fig. 1 ), an electrochemically and thermodynamically stable IL compatible with UHV applications, 21, 23, 39 with two metal surfaces, Au(111) and Cu(100). Information about the Im + 8,1 /NTf − 2 -Au(111) interface is available from previous angle-resolved XPS studies. 23, 24 In particular, Cremer et al. have observed continuous-monolayer adsorption of this IL onto Au(111) without decomposition, and proposed that each ion would form a checkerboard pattern at the monolayer level so as to minimize repulsive forces. 23 Using our experimental setup, we can thus compare the weak adsorption of Im + 8,1 /NTf − 2 on Au(111), as a reference, to its potentially stronger interaction with Cu(100). Indeed, on Cu(111), decomposition of NTf − 2 paired with 1-butyl-1-methylpyrrolidinium has been previously reported by Uhl et al. 38 In this work, we have used a combination of STM, XPS, and UPS, in order to obtain a global picture of the IL morphology and electronic structure from the monolayer to the multilayer regime, by sequential deposition of Im + 8,1 /NTf − 2 on the clean Au(111) and Cu(100) surfaces using PVD. STM provides monolayer-thick coverage morphology. Information on the chemical environment is obtained from valence band (VB) and core levels, while measurement of the work function (WF) characterizes the formation of interface dipoles at the IL/surface interface.
II. METHODS

A. Photoelectron spectroscopy
The photoelectron spectroscopy experiments presented here were measured using a Thermo Scientific ESCALAB 250xi instrument. XPS measurements used a monochromated Al Kα line with photon energy of 1486.7 eV and an energy resolution of about 0.6 eV. The measurements were performed in a geometry where the measured photoelectrons are collected in normal emergence. The estimated depth sensitivity in this geometry is about 10 nm. UPS measurements were made using the He iiα line (40.8 eV) of a He plasma source, with a resolution better than 0.1 eV. Secondary electron cutoff (SECO) spectra were measured on biased samples using the He i line (21.2 eV) to measure the work function, given by WF = hν − W , where hν is the photon source energy and W the total width of the emitted photoelectrons. The parasitic He ii β line has been subtracted to obtain the valence band (VB) spectra presented in this work. As noted in prior work, significant changes in photoemission spectra from beam damage were not observed within our limited acquisition time. 42 The binding energy in UPS was referenced to the metal Fermi level, with Ef = 0; binding energies of occupied states are listed as negative energies. The XPS binding energies were referenced to the Au 4f 7/2 and Cu 2p 3/2 peak positions measured at 84.0 eV and 932.6 eV, respectively. UPS spectra are compared with densities of states (DOS) obtained from standard electronic structure calculations on the gas phase discrete anion, cation, and ion pair using the GAMESS program suite. 43 
B. Scanning tunneling microscopy methods
STM measurements were performed in a UHV environment at pressures below 5 × 10 10 Torr with an Omicron STM instrument. The STM tip was electrochemically etched from a 0.25 mm diameter tungsten wire. The images presented here were obtained in constant-current mode with the sample at room temperature. Images were processed using the WSxM software. 44 Uncertainties in the STM images are conservatively estimated to be ±0.1 Å for vertical distances, ±1 Å for lateral distances, and ∼3 • for angles; these uncertainties arise from a combination of ambient noise and drift during imaging. Surface coverage was estimated from XPS results obtained in the same UHV system.
C. Sample preparation
A clean and atomically flat Au(111) surface [Agilent Technologies, 150 nm Au on mica] was obtained by performing cycles of argon ion sputtering (0.5 kV) and annealing (400 • C). The clean Cu(100) surface was prepared from a single crystal with repeated cycles of argon ion sputtering (2 kV) and annealing (500 • C).
The Im + 1,8 /NTf − 2 ionic liquid (≥99% purity) was purchased from IoLiTec (Ionic Liquid Technologies, Inc., Tuscaloosa AL). The IL, depicted in Fig. 1 , was deposited by physical vapor deposition in UHV using a Knudsen cell with the temperature set in a range between 150 and 230 • C. The IL sample was thoroughly degassed prior to deposition. Mass spectrometry of the vapor of this IL has been reported and indicates a predominance of anion-cation pairs. [45] [46] [47] [48] [49] In this work, a monolayer coverage is defined by the convergence of two observations: (1) When a surface covered with a thick multilayer is annealed at 130 • C for 10 min, the weakly bound IL components are desorbing and leave a layer at the surface, with a stoichiometry and chemical environment corresponding to the intact IL. This monolayer preparation technique is often referred to as the top-down approach for organic thin films. (2) The coverage thus obtained also coincides with the maximum coverage on the Cu(100) surface with an IL layer in close proximity to the surface. The corresponding experimental data will be introduced later in the text. The number of layers has been estimated assuming a constant evaporation rate for each deposition.
Alternatively, the thickness of the IL films can be estimated using the attenuation of the photoemission signals from the metal substrates with increasing numbers of adlayers, since it was reported that the IL growth on Au(111) occurred layer by layer at least up to 2 to 3 MLs. 23 The attenuation lengths for the relevant electrons ejected from the metal into the IL layer have been calculated using the NIST electron effective attenuation length database software. 50 For our experimental geometry using the Al-Kα X-ray source and an IL density of 1.32 g cm 3 , the calculated attenuation lengths for the photoemitted electrons inside the IL layer are 19.8 Å for Cu 2p, 42.8 Å for Au 4f, and 37.6 Å for C 1s. The thicknesses calculated from photoemission for 1 ML on Au(111) and Cu(100) were 7.5Å in average, consistent with the value reported for one molecular layer. 23, 24 
III. RESULTS AND DISCUSSION
A. Surface morphology and adsorption strength of IL films via STM
To explore the morphology of the Im + 1,8 /NTf − 2 films on the Au(111) and Cu(100) surfaces, STM measurements were performed at room temperature before and after deposition of one monolayer of the IL. The STM images are shown in Fig. 2 .
The STM image of the clean Au(111) surface is shown in Fig. 2 of Fig. 2(b) . However, the surface appeared streaky, indicating either the presence of mobile IL species and/or species interacting with the STM tip, as reported previously. 39 The Au surface did not appear to be affected by the presence of the IL: no alteration of the step edges morphology or of the characteristics of the soliton walls was visible.
The STM image of clean Cu(100) is shown in Fig. 2 (c) and is smooth and featureless. The STM image of one ML of the IL on the Cu(100) surface is shown in Fig. 2(d) . Contrary to what was observed on the Au(111) surface, there is no evidence for mobile surface species, indicating a stronger ILsurface interaction, capable of preventing diffusion of the IL adsorbates even at room temperature. In particular, the inset of Fig. 2(d) indicates the presence of a stable surface without large scale streakiness but indicating no clear order of the adsorbate. This may be understood by assuming that only parts of the IL are strongly bound to the surface (such as the cationic imidazolium ring) leaving mobile parts (such as the alkyl tail) able to reorient. Additionally, open structures were observed after deposition of about 1 ML, with a depth of about 1.5 Å, which could be attributed either to a hole in the IL monolayer or to a Cu step edge height.
The absence of local order at room temperature for IL species on surfaces has been previously reported and only low temperature imaging was able to resolve molecular ordering of the adlayer. These results are consistent with previous observations of Im + 1,8 /NTf − 2 on Au(111) by Uhl et al., where 2D island growth was reported at 77 K, that melted below 200 K. 39 In our case, STM measurements indicate that the IL-surface interaction strength is far greater on the Cu(100). For any information related to the chemical species present at the surface and the nature of the IL-surface bond, additional spectroscopic measurements are necessary.
B. Electronic structure of the IL
In order to explore the IL-surface interactions, it is useful to consider the electronic structure of the IL anions and cations obtained from both UPS and XPS. To this end, thick multilayers can be grown and analyzed, for which the influence of the substrate becomes negligible. At the top of Fig. 3 the VB spectrum measured for such a multilayer using UPS is shown in black. Below the experimental spectrum, the DOS spectrum calculated for the IL anion and cation pair (shown in the anionic and cationic DOS shown in blue and red, respectively. The calculated spectra are rigidly shifted in energy to align the DOS with the features of the experimental spectrum.
The results obtained here are compatible with previous reports of VB spectra for dialkylimidazolium NTf − 2 ILs. [28] [29] [30] [31] 33, 35 As a result of the intrinsic breadth of the cationic contributions to the VB spectrum, the experimental VB spectrum resembles the DOS calculated for the anion. Moreover, atomic photoemission cross sections effectively decrease the cation contribution, as the C 2p cross section is smaller than the cross section of the O 2p or F 2p levels, as illustrated in Fig. S2 of the supplementary material. Thus, the VB spectra measured using UPS reflect mostly the contributions from the anion. This allows us to assign the states measured between 6 eV and 8 eV to O 2p and N 2p hybridized states, the ones found between 10 eV and 13 eV to primarily F 2p hybridized states, and features near 15 eV to C-F bonds on the NTf − 2 anion. Core levels pertaining to the IL pair, C 1s, N 1s, F 1s, O 1s, and S 2p, have been measured using XPS on the thick multilayer. Two core levels useful for our interface study, C 1s and N 1s, are shown in Figs carbon peak is observed at 292.9 eV. The N 1s spectrum of Fig. 4(b) shows the anion contribution at 399. 
C. Interfacial electronic structure
In order to explore the interfacial properties of the IL on the two Au(111) and Cu(100) surfaces, UPS and XPS measurements were performed on each surface before and after sequential depositions of the IL. The resulting VB and secondary electron cutoff (SECO) spectra are shown in Figs. 5(a) and 5(b) , respectively, for the Au(111) surface and in Figs. 5(c) and 5(d), respectively, for the Cu(100) surface. Core levels acquired on the same surfaces are shown in Fig. 6 , for the Au(111) and Cu(100) surfaces.
The VB spectrum of the initially prepared surface, shown in Fig. 5(b) , is characteristic of clean Au(111). A WF of 4.9 eV is measured from the SECO of Fig. 5(a) , in good agreement with previous work. 51 After deposition of ∼1 ML of the IL, the VB spectrum now presents additional features that can be related to IL states. Above 8 eV, the Au contribution to the spectrum is too large to directly discern the states of the IL monolayer. However, below this energy, F 2p states and C-F p-bond related states are clearly visible centered at 9.7 eV (for the largest peak) and 14.5 eV, respectively. Upon IL deposition, the WF at the surface decreases by less than 0.2 eV. Additional sequential depositions of the IL slowly increase the contribution from the IL. For 10 ML of IL coverage, most of the Au(111) surface contribution is suppressed. During this gradual film growth, the molecular peaks progressively shift to higher binding energies with an average of 0.2 eV per deposition cycle. Concomitantly, the surface WF gradually decreases by 0.2 eV in average, to achieve the final value of 3.9 eV.
In the case of the Cu(100) surface, characteristic Cu 3d states are visible in the VB of the clean surface shown in Fig. 5(d) , just below the Fermi edge, and a WF of 4.5 eV is obtained from the SECO of Fig. 5 (c) in good agreement with previous work. 52 Upon deposition of about 1 ML of IL, F 2p and C-F p states are observed centered at 9.6 (for the highest peak) eV and 14.4 eV, respectively, similar to what was observed on the Au(111) surface. However, the behavior of the surface WF is drastically different: a strong decrease of 0.5 eV is measured for 1 ML coverage. At about 2 ML coverage, the C-F related states and F 2p related states appear broader, due to the overlap of two different contributions: one is similar to that measured for 1 ML coverage and the other having a similar appearance but shifted toward higher binding energies. Deposition of additional IL monolayers increases the latter contribution at fixed energies: the C-F states are now found centered at 15.3 eV, while the highest peak of the F 2p states is found at 10.7 eV. It is also observed that to within experimental uncertainties, the Cu WF does not further decrease on deposition of additional MLs of IL.
It is useful to qualitatively compare the UPS results to the XPS measurements of the same sequentially grown films of IL. The core levels associated with the IL and measured on Au(111) are presented in the top part of Fig. 6 , as a function of increasing coverage, and are found consistent with previous reports. 23, 25 At first glance, the shape of the individual core levels is not altered from one deposition to another, but the core levels seem to simply shift rigidly by an average of 0.2 eV toward higher binding energies following each deposition step. These numbers are comparable in magnitude and direction to the shifts observed for the surface vacuum level as well as for the VB states of the IL deposited on the same surface. Fits to the N 1s and C 1s XP spectra for a deposition of 4 ML of IL on Au(111) are shown in Figs. 7(a) and 7(b), respectively. The analysis method for these core levels is similar to the one used for the thick multilayer. Parameters for these core levels and the analysis of the remaining S 2p, O 1s, and F 1s core level for the same coverage can be found in For the case of 4 ML of IL deposited on Cu(100), the evolution of the core levels presented in Fig. 6 is more complex. First, as a general trend, with the exception of C 1s, all core levels can be described by a linear combination of the core levels measured for 1 ML coverage with those measured for a multilayer. For example, the O 1s core level measured for 1 ML coverage is observed at 531.5 eV, whereas for the thicker layer, the main O 1s peak is found at 533.0 eV. It is clear that for a coverage of 2 ML, the O 1s peak is the sum, with nearly equal weight, of these two components. Upon further deposition of additional IL to the Cu(100) surface, the monolayer contribution to the O 1s core level is preserved while the higher binding energy multilayer O 1s contribution simply increases with film thickness. This can be generalized to other core levels: two pairs of N 1s and S 2p peaks are necessary to fit the N 1s and S 2p core levels, respectively, while two components are necessary to properly describe the F 1s core level evolution. This is illustrated in Fig. 7(c) , where the N 1s core level can be fitted using two peaks corresponding to monolayer (dashed lines) and to multilayer (continuous lines) contributions. In this fit, the ratio monolayer/multilayer is fixed to 0.35. For the C 1s core level spectra, the latter spectral model is not applicable. For the thicker IL film on Cu(100), the C 1s spectrum shows the expected three components corresponding to the C-F bonds of the anion, the imidazolium and the alkyl chain of the cation, in decreasing order of binding energy. However, for 1 ML coverage, only two C 1s components are measured at 292.1 eV and 285.3 eV. This has been observed previously for a similar class of ionic liquids adsorbed on Ni(111), and has been attributed to a strong imidazolium ring interaction with the surface. 24 Indeed, a stronger imidazolium-Cu interaction can lead to a shorter ring-Cu distance, and thus to a much larger screening of the core holes during the photoemission process. Therefore, the C 1s contribution related to the imidazolium ring is shifted to lower binding energy, and overlaps with the C 1s contribution of the alkyl tail (as shown as a dashed gray line). The remaining core levels measured for a 4 ML film of IL are given in Fig. S5 of the supplementary material.
Some general aspects of the IL reactivity with the two surfaces can be drawn from the photoemission data. The behavior of the IL on Au(111) was studied previously where it was proposed that the IL anions and cations are both found in the first monolayer and interact with the surface without decomposition. These experiments were discussed as being consistent with a geometry such that the imidazolium ring is parallel to the surface with the alkyl tail directed into the vacuum and with the fluorinated part of the anion directed away from the surface as shown in Fig. S6 of the supplementary material. 23 Some of this information can be obtained by comparing the film compositions measured for multilayer and monolayer coverages; these are reported in Table S2 of the supplementary material. While a thick film of the IL displays a composition very close to the nominal composition of the IL, an ultrathin film coverage of 1 ML on Au(111) shows a rather different composition. In particular, the relative contributions from the cationic alkyl tail C 1s and the anionic F 1s intensities are increased, while the C 1s and N 1s contributions from the imidazolium ring are decreased. Using the UPS data from Fig. 5 , we can refine the nature of the interface electronic structure as the small WF change measured after exposing the Au(111) surface to 1 ML of IL indicates that the IL adsorption leads to only a minor interface dipole, which results from a very small degree of charge transfer between the IL and the Au(111) surface. Thus Im + 1,8 /NTf − 2 on Au(111) is a case of weak surface interaction.
The composition of 1 ML of IL on Cu(100) reported in the supplementary material, Table S2 , indicates similar, if not stronger, trends in atomic composition, relative to those observed for Au(111). These could correspond to a comparable adsorption geometry on Cu(100), but with exacerbated features that result from a higher degree of structural order, itself a consequence of the stronger IL-Cu(100) interaction. These ideas are consistent with the UPS measurements of Fig.  5 featuring a large WF change upon deposition of 1 ML of the IL, due to a more significant charge rearrangement at the interface (charge transfer, pillow effect) and therefore to a stronger IL-surface interaction. This observation is also compatible with the STM results shown in Fig. 2 , which indicate that little motion of the adsorbates occurs at room temperature on Cu(100). Fig. 6 also illustrates the stability of the first IL monolayer on Cu(100) through the persistence of the characteristic lower binding energy contribution to the photoemission spectra, even for higher IL coverages.
On the Au(111) surface, it is observed that core levels and VB peaks shift by about 0.2 eV for each additional deposition of IL. Such a shift to higher binding energies has often been interpreted as reduced screening of the core holes created further away from the metallic surface with increasing exposure. 23 Unexpectedly, very little broadening of the core levels was observed from 1 ML to higher coverages on the Au(111) surface, which is inconsistent with the latter picture. However, here we can see that the photoemission features follow the trend measured for the vacuum level. Therefore, the photoemission peak shifts could be a result of the IL energy levels alignment shift with respect to the Au substrate as a function of coverage. Similarly, after deposition of 1 ML on Cu(100), both VB and core level features follow the trend measured for the vacuum level: above 1 ML coverage all photoemission features are measured at a fixed binding energy. A schematic energy alignment diagram for the two surfaces upon increasing coverage is presented in Fig. 8 . The Fermi level (FL) and the evolution of the energy alignment of the vacuum level (VL) as well as of one example of core level (O 1s) are presented as a function of the coverage on the two surfaces. The vacuum level shifts associated with interfacial dipoles are indicated in red. We note that for continuous and sufficiently thick films, the WF of the IL films should be relatively independent of the nature of the substrate metal (neglecting molecular orientation effects). This is indeed observed for our thick IL films, for which a WF of ∼4 eV is measured. At the monolayer level, the O 1s spectrum measured on the Cu(100) surface has a much lower binding energy than expected for a rigid shift of the IL electronic structure with respect to the Cu(100) band structure. The reduced binding energy could be the result of a stronger screening of the core hole for the first monolayer on the Cu(100) surface.
The difference in WF evolution between the IL on Au(111) vs. on Cu (100) . 27 This was explained as resulting from incomplete layer-by-layer growth, with coexistence of island growth on top of film coverage. In our case, it is most likely that the amount of 3D growth would be small, given previous angle resolved photoemission work, 23 but precise angle resolved XPS measurements would be necessary to determine its contribution. Moreover, on Au(111), since the first layer does not appear to be strongly bound, it is possible that the entire film reorganizes upon deposition of additional molecules, therefore altering the resulting WF.
Finally, alternative adsorption modes have been proposed by Cremer et al. for similar ILs on Ni(111). 24 On Ni(111) it is believed that the Im + 1,1 /NTf − 2 IL, akin to our IL but without a cationic alkyl tail, grows in a bilayer mode, where the anion is found above the imidazolium ring. We do not expect that this growth mode is possible in our case for Cu(100). Indeed, full coverage for this adsorption mode corresponds to a coverage twice the layer by layer coverage, and is incompatible with our coverage estimates for Im + 1,8 /NTf − 2 on Cu(100) obtained from XPS analysis.
D. Top-down approach for monolayer formation
When the Im + 8,1 /NTf − 2 IL is deposited on Au(111) or on Cu(100) at room temperature, no chemical decomposition of either the IL anions or cations was observed. A typical and useful technique to obtain monolayer coverage of organics on surfaces (and in particular on noble metal surfaces) is the so-called top-down approach, where a multilayer is annealed at a temperature large enough to desorb weakly bound molecules, leaving a residual monolayer. This is of course achievable only when the desorption temperature does not induce additional molecular chemistry at the surface of the metal. In the case of Im + 1,8 /NTf − 2 , annealing was performed at 130 • C, a temperature much lower than the molecular decomposition temperature, which was reported to be 230 • C for Im + 1,8 /NTf − 2 from thermogravimetric analysis. 53 Fig . 9 shows the core level spectra for 1 ML of Im (top) and Cu(100) (bottom). The IL coverage obtained after annealing was determined as the ratio of the IL-related photoemission peaks to the metal (either Au or Cu) photoemission peaks. As shown in Fig. 9 , the XPS data for 1 ML of Im + 1,8 /NTf − 2 are nearly identical to that obtained from the annealing process at 130 • C. Moreover, the chemical species on each surface are identical to the one measured on 1 ML. This is particularly visible on the Cu(100) surface for the C 1s core level spectra of Fig. 9 , which display only two peaks corresponding to the anion and the merged cations contributions. Thus, both the anion and cation appear to be quite stable on both Au(111) and Cu(100) surfaces at 130 • C. Only the S 2p peak at 160.6 eV, marked by an asterisk in Fig. 9 , might indicate the presence of a small quantity of S-Cu bonds at the surface, [54] [55] [56] [57] [58] but the intensity of this contribution is close to our noise level and should be interpreted with caution. Decomposition of the NTf − 2 anion has been reported on Cu(111) surfaces at room temperature for sub-monolayers of a related IL, 1-butyl-1-methylpyrrolidinium/NTf − 2 . 38 However, XPS analysis of the C 1s core levels of the pyrrolidiniumbased cation indicates a rather weak interaction with Cu, that could translate into high mobility of the cation at the surface of Cu(111). We therefore assume that the stability of NTf − 2 is enhanced by the high degree of order and stability of the imidazolium-derived cation bond to Cu(100): at 1 ML coverage, NTf − 2 could be prevented to reach a preferred Cu site leading to decomposition, or could be restricted to a conformation preventing reaction with Cu, due to the stabilizing presence of the imidazolium-based cations. Imidazole has a well known history of being used as a copper corrosion inhibitor. 59 Studies with ex situ preparation of imidazolium-containing films on copper surfaces all point to the formation of complex protective films. [60] [61] [62] [63] [64] [65] A study of imidazolium halide ILs in an aqueous system also indicated that the presence of imidazolium inhibited electrochemical corrosion of copper. 66 This observation could be extended to trying other imidazolium-anion pairs to check for anion stabilization at the surface of copper, by the strong imidazolium-Cu bond.
IV. CONCLUSIONS
We have performed a comparative study of the adsorption of Im + 8,1 /NTf − 2 on Au(111) and Cu(100) surfaces, using a combination of STM, UPS, and XPS spectroscopies. In particular, we have created ultrathin films ranging from 1 to 10 MLs by sequentially exposing the two surfaces to increasing doses of the IL in UHV. Core levels are characterized by XPS, while valence levels and the work function are characterized by UPS. Independently, STM images were measured before and after deposition of 1 ML of Im + 1,8 /NTf − 2 . It is found that the chemical interaction of Im + 1,8 /NTf − 2 on the Cu(100) surface is much stronger than on the Au(111) surface, leading to a very stable interfacial layer. The presence of this interfacial layer induces a strong charge rearrangement at the surface of Cu(100), with the creation of a large interface dipole. The adsorption geometry of the IL at 1 ML coverage is believed to be comparable to the one obtained on Au(111), where the two ions are found in equal number at the surface, presumably in a configuration that would minimize repulsion between like charges, with the imidazolium ring parallel to the surface, the alkyl tail pointing up, and the sulfonyl oxygens on the anions pointing downwards towards the metal surface, as illustrated in Fig. S6 of the supplementary material. This adsorption geometry is deduced both from atomic composition and from surface coverage estimation. Beyond monolayer coverage, while the experimental signature of the monolayer adsorbed on the Cu(100) surface remains visible and coexists with multilayer features, this is not observed on the Au(111) surface. The experimental results on Au(111) could indicate a large scale film reorganization upon deposition of additional layers, with loss of the monolayer conformation.
Additionally, we have shown that a monolayer coverage of the IL can be obtained on both Au(111) and Cu(100) via desorption of a multilayer at 130 • C, and that this monolayer presents signatures in photoemission that are nearly identical to the one measured for a single monolayer via direct deposition.
Finally, we propose that the strong imidazolium-Cu interaction may be inhibiting the decomposition of NTf − 2 anion that was previously reported for NTf − 2 paired with a non-planar, non-aromatic dialkylpyrrolidinium cation at room temperature. Additional studies should explore whether imidazoliumbased cations could be an ideal choice to prevent the decomposition of other anions on Cu(100) as well.
SUPPLEMENTARY MATERIAL
See supplementary material for details on DOS calculations, photoemission cross section effects, details on the core levels pertaining to the IL and corresponding fit parameters, and schematic of the ion pair orientation on the surfaces.
